Sensory dendrites depend on cues from their environment to pattern their growth and direct them toward their correct target tissues. Yet, little is known about dendrite-substrate interactions during dendrite morphogenesis. Here, we describe MNR-1/menorin, which is part of the conserved Fam151 family of proteins and is expressed in the skin to control the elaboration of ''menorah''-like dendrites of mechanosensory neurons in Caenorhabditis elegans. We provide biochemical and genetic evidence that MNR-1 acts as a contact-dependent or shortrange cue in concert with the neural cell adhesion molecule SAX-7/L1CAM in the skin and through the neuronal leucine-rich repeat transmembrane receptor DMA-1 on sensory dendrites. Our data describe an unknown pathway that provides spatial information from the skin substrate to pattern sensory dendrite development nonautonomously.
INTRODUCTION
Neurons receive and process information through often elaborately branched dendritic arbors. Such arbors exist in both the central and peripheral nervous systems, and the molecular mechanisms that govern their development appear to be generally conserved (Parrish et al., 2007; Jan and Jan, 2010) . The formation of dendritic arbors is crucial for the ability of neurons to integrate information and sample the environment appropriately (Hall and Treinin, 2011) . These arbors may vary greatly in shape and complexity, reflecting the different types of input they receive. Accordingly, loss of dendritic complexity and structure has been linked to a range of neurological conditions, including autism spectrum disorders, schizophrenia, and Alzheimer's disease (Kaufmann and Moser, 2000; Kulkarni and Firestein, 2012) .
Our understanding of dendrite morphogenesis in the sensory system has advanced significantly through the use of model organisms (reviewed in Jan and Jan, 2010) . For instance, in Drosophila, the larval sensory dendrite arborization (da) neurons are subdivided into four groups based on progressive arbor complexity. Several different classes of molecules, including transcription factors, cytoskeletal proteins, components of the secretory pathway, microtubule-based motor proteins, and signal transduction molecules, have been shown to orchestrate the elaboration of the arbors (Corty et al., 2009; Jan and Jan, 2010) . Two recent reports have revealed a role for basement membrane-neuron interactions mediated by neuronal integrins as a mechanism to confine da neuron arbors to a two-dimensional plane and ensure dendritic self-avoidance (Han et al., 2012; Kim et al., 2012) . These observations are consistent with earlier findings in vertebrate models (Moresco et al., 2005; Marrs et al., 2006) , thereby highlighting the conservation of molecular mechanisms that regulate dendrite arborization.
In Caenorhabditis elegans, the mechanosensory PVD neurons display stereotypic dendritic arbors that form during postembryonic development (Halevi et al., 2002; Tsalik et al., 2003) . On each side of the animal, a primary dendrite grows anteriorly and posteriorly from the lateral PVD cell body and repeatedly branches off perpendicular secondary branches. These branches, in turn, bifurcate where the muscle quadrants meet the lateral hypodermal ridges (skin) (Figures 1A, 1B, and 1D) . The tertiary branches grow parallel to the primary branches but avoid overlap with adjacent tertiary neurites, and each branch forms several perpendicular quaternary branches. The resulting structures resemble candelabra and have hence been named menorahs (Figures 1A, 1B, and 1D; Oren-Suissa et al., 2010) . PVD dendrite formation is perturbed in mutants of the vesicular transport machinery, such as myosin and dynein (Aguirre-Chen et al., 2011) , demonstrating that mechanisms of dendrite patterning are conserved in PVD neurons. Other studies have implicated additional genes in the regulation of PVD morphogenesis, such as the fusogen eff-1 (Oren-Suissa et al., 2010) and transcription factors (e.g., unc-86/BRN3a and mec-3/Lhx-5; Smith et al., 2010 , Smith et al., 2013 , and suggested a role for the UNC-6/netrin pathway in PVD dendrite self-avoidance (Smith et al., 2012) . Lastly, the leucine-rich repeat (LRR) transmembrane receptor dma-1 has been shown to act in PVD dendrites to promote PVD branching (Liu and Shen, 2012) .
Although a variety of neuron-intrinsic factors that regulate sensory dendrite morphogenesis have been identified, less progress has been made in identifying extraneuronal factors that provide substrate-derived information to orchestrate the growth and branching of dendrites. The best-known examples of targetderived/extrinsic cues that regulate dendritic arbors are neurotrophins. Dendrite arborization of pyramidal neurons is controlled by neurotrophins that are expressed in different cortical layers of the brain (McAllister et al., 1997) . Ablation of ectoderm in the chicken wing resulted in defects in the ramification patterns of sensory arbors, suggesting a role for skinderived cues (Martin et al., 1989; Honig et al., 2005) . In zebrafish, extracellular heparan sulfates are required for the correct development of sensory arbors of Rohon-Beard somatosensory neurons . Together, these findings indicate that the innervation of the skin by somatosensory neurons is governed by target-derived molecules; however, a bona fide skin-derived signaling system that controls arbor formation of somatosensory dendrites has not been identified.
In this study, we report the identification of a factor, which we name MNR-1 (for menorin), that is required for the stereotypic branching pattern of PVD somatosensory arbors in C. elegans. MNR-1 is a member of the conserved, previously unstudied Fam151 family of proteins. We show that MNR-1 is produced in the skin and acts as a contact-dependent or short-range cue to control PVD dendritic branching. Furthermore, we provide genetic and biochemical evidence that MNR-1 acts together with the cell adhesion molecule (CAM) SAX-7/L1CAM in the skin and the LRR transmembrane receptor DMA-1 on PVD. This work reveals a molecular program that provides information from the surrounding skin to shape the development and patterning of sensory dendritic arbors.
RESULTS
MNR-1 Is Required for Development, but Not Maintenance, of PVD Dendrites To understand dendrite arborization, we conducted a genetic screen for mutants with defects in PVD somatosensory neurons in C. elegans. One class of mutants represented by four recessive alleles affected a previously unstudied gene, W01F3.1 (Figure S1 available online; Table S1 ; Experimental Procedures). Because of the fully penetrant phenotype characterized by disorganization of the PVD dendritic ''menorahs,'' we named the gene mnr-1/menorin. The mnr-1 mutants were characterized by disoriented growth of all higher-order PVD branches (secondary to quaternary), with many instances of crossovers, looping, and loss of orthogonality ( Figures 1B-1E ). Moreover, tiling of menorahs across the primary branch was severely impaired in these mutants, as was self-avoidance of sister branches (Figure 1) . In contrast, the axon of PVD did not exhibit obvious guidance defects and we did not detect defects in the viability, fertility, or locomotion of mutant animals (data not shown). Similar defects in dendrite arborization were seen in the two FLP neurons that cover the head region of the worm with a similarly structured mechanosensory arbor, including tangled higher-order branches and loss of characteristic orthogonal dendrites ( Figures 1F and 1G) . In contrast, a survey of other neuronal classes (branched and unbranched) in C. elegans showed no major defects in mnr-1 mutants, ruling out a global function in nervous-system patterning for mnr-1 (data not shown). Of note, the commissures of D-type motor neurons, about half of which fasciculate with secondary PVD branches (Smith et al., 2010) , seemed to be unaffected in mnr-1 mutants (data not shown). Taken together, the defects in mnr-1 mutants appear to be specific for PVD and FLP dendrites and are not generally observed in other neurons, including those that share the same molecular environment as PVD dendrites.
To determine when MNR-1 function is required for PVD dendrite formation, we conducted a series of RNAi experiments starting at different developmental time points. Constitutive knockdown of mnr-1 or mec-3, a LIM homeobox transcription factor with an early role in PVD differentiation (Way and Chalfie, 1989; Smith et al., 2010) , resulted in reduced arbor complexity in PVD ( Figures 1H-1J , S2A, and S2B). Intriguingly, RNAi beginning at the early L4 larval stage against mnr-1, but not mec-3, resulted in terminal branching defects in PVD ( Figures 1H-1J ), indicating a role during later larval stages for mnr-1, but not mec-3. In contrast, RNAi against either mnr-1 or mec-3 starting merely 12 hr later at the onset of adulthood failed to result in defects in PVD dendrite structure ( Figures 1J, S2C , and S2D). These results show a requirement for MNR-1 during development until arbor stabilization occurs at the onset of adulthood, but suggest that MNR-1 may play a lesser role in PVD dendrite maintenance.
MNR-1 Is a Member of the Conserved Fam151 Family of Proteins
The MNR-1 protein is predicted to contain a signal peptide followed by a domain of unknown function number 2181 (DUF2181) and a nematode-specific domain ( Figure 1K ). Proteins that contain a DUF2181 define the family of proteins with sequence similarity 151 (Fam151). The DUF2181 is an ancient protein domain that can be identified in simple eukaryotes, such as the recently sequenced choanoflagellate Salpingoeca ( Figures 1K-1M , S3, and S4; Ruiz-Trillo et al., 2007) . Most Fam151 proteins, including MNR-1, are predicted to contain transmembrane domains at either the N terminus or C terminus. The genomes of nematodes, the choanoflagellate Salpingoeca, and D. melanogaster encode a protein with a single DUF2181, as do lampreys and Ciona, a tunicate. In contrast, vertebrate genomes generally harbor two genes encoding this domain, which have been designated Fam151a and Fam151b ( Figures 1K-1M , S3, and S4). The Fam151b family encodes proteins with a single DUF2181, whereas the Fam151a family encodes proteins with two DUF2181s ( Figure 1K ). The MNR-1 DUF2181 is more closely related to proteins with a single DUF2181 (the Fam151b family) and the N-terminal DUF2181 of proteins with two DUF2181s (the Fam151a family) ( Figures 1M, S3 , and S4). Thus, the Fam151b form may represent the ancestral form, with gene duplications occurring in the clade leading to jawed vertebrates.
Two of the four mnr-1 mutant alleles identified in our screen represented premature stop codons ( Figures 1K-1M) . Most of our studies were conducted with an early nonsense allele, mnr-1(dz175), which results in a truncation of the protein after 208 amino acids within the DUF2181 and is likely a complete loss-of-function allele ( Figures 1K-1M , and S3). The two remaining alleles encode missense mutations that alter highly conserved residues in the DUF2181 (Figures 1K and 1L ).
Together, these findings suggest that the DUF2181 is important for MNR-1 function.
MNR-1 Function Promotes Higher-Order Branch Formation
To understand the function of MNR-1, we examined mnr-1 mutants at the late L3 larval stage. We first quantified the numbers of secondary, tertiary, quaternary, and ectopic tertiary branches, as well as their average lengths (Figures 2A-2F ). We found strongly decreased numbers of tertiary and quaternary branches, which on average were shorter than the corresponding wild-type branches. On the other hand, we observed an increased number of secondary and ectopic tertiary branches that were shorter than normal secondary and tertiary branches in wild-type animals.
To better understand this phenotype, we conducted timelapse experiments (Figures 2G-2K ; Movies S1 and S2). We found that secondary branches in mnr-1 mutant animals failed to result consistently in tertiary branches at expected branching points. For example, one branch over the course of 7 hr failed to form stable tertiary branches ( Figure 2G , asterisk). This was not due to an inherent inability to form branches because the same secondary branch formed ectopic tertiary branches in rapid succession that retracted again later (Figures 2G and 2I, green arrowheads) . Tertiary branches in mnr-1 mutants that formed at presumably the appropriate place sometimes appeared to fuse with neighboring tertiary branches or at least failed to avoid them. Although some of those tertiary branches persisted over the imaging period (white arrowhead), others separated and retracted again (yellow arrowhead). In contrast, wild-type animals formed stable tertiary branches within 25 min ( Figure 2G , from 2:05 hr to 2:30 hr, white arrowhead) as well as subsequent quaternary branches (red arrowheads). The increased number of secondary and ectopic tertiary branches in mnr-1 mutants could be the result of faster growth or slower retraction of branches (or both). We quantified growth and retraction rates for secondary and ectopic tertiary branches and found neither changed significantly compared with the rates for wild-type animals (Figures 2J and 2K) . We conclude that the function of MNR-1 promotes and stabilizes tertiary and quaternary branch formation.
MNR-1 Functions in a Pathway with SAX-7/L1CAM and the LRR-Transmembrane Receptor DMA-1 to Pattern PVD Dendrites In a separate screen for genes involved in neuronal branching, we isolated dz156, a nonsense allele of SAX-7/ L1CAM (C.A.D.-B. and H.E.B., unpublished data). The sax-7 locus in C. elegans encodes a transmembrane CAM of the immunoglobulin (Ig) superfamily ( Figure 3A ) that is homologous to L1CAM. Mutations in L1CAM result in CRASH syndrome in humans (reviewed in Chen and Zhou, 2010) . SAX-7 exists in at least two different extracellular isoforms (short [S] and long [L]) with four or six extracellular Ig domains ( Figure 3A ). We found that sax-7 mutant animals exhibited strong defects in PVD arbor formation. This phenotype was shared by an additional sax-7 null allele (nj48), but not by an allele that removes only the long isoform SAX-7L (nj53; Figures 3A-3C and S5A-S5C). We also did not observe this phenotype in animals that carry a predicted null allele of lad-2, a paralog of sax-7 in C. elegans ( Figure S5D ; Wang et al., 2008) . Thus, the short (but not the long) isoform of SAX-7 is necessary for correct patterning of PVD dendrites in C. elegans.
The defects in mnr-1 and sax-7/L1CAM mutants were reminiscent of mutants in the LRR transmembrane receptor DMA-1, which is expressed and acts in PVD neurons (Liu and Shen, 2012; Figures 3D and 3E) . This prompted us to quantify and compare PVD dendrite phenotypes in single and double mutants of mnr-1, sax-7, and dma-1 (Figures 3F-3I and S5E-S5H). In the sax-7 mutants, as in the mnr-1 mutants, we found a reduced number of shorter quaternary and tertiary branches and an increased number of secondary and ectopic tertiaries. The branching phenotypes were not further enhanced in a sax-7; mnr-1 double mutant, establishing that sax-7 and mnr-1 act genetically in the same pathway in this process (Figures 3F-3I and S5E-S5H). Time-lapse analyses of sax-7 and dma-1 mutant animals showed that just as in mnr-1 mutants, the different numbers of branches were not a reflection of changes in the speed of neurite growth or retraction (Figures 3J and 3K ; Movies S3 and S4). However, in dma-1 null mutant animals, the numbers of secondary, tertiary, and ectopic tertiary branches were decreased compared with the sax-7; mnr-1 double mutant, showing that dma-1 has sax-7-and mnr-1-independent functions. Moreover, branch length was reduced in dma-1 mutants compared with wild-type animals ( Figures 3F-3I and S5E-S5H). Overall, dma-1 appeared to be epistatic in double mutants with sax-7 and mnr-1 with regard to both branch number and length, which is consistent with the interpretation that most, if not all, of sax-7 and mnr-1's function in the formation of higher-order branches requires dma-1.
MNR-1 and SAX-7 Function in the Skin to Pattern PVD Dendrites PVD menorahs grow out from the primary dendrite toward the dorsal and ventral hypodermal ridges along the body, first over the lateral hypodermal ridge and later sandwiched between the dorsal or ventral body wall muscles and a thin sheet of syncytial hypodermis ( Figure 1A ; Smith et al., 2010; Oren-Suissa et al., 2010) . DMA-1 was previously shown to be expressed and act in PVD neurons (Liu and Shen, 2012) . We thus sought to determine where MNR-1 and SAX-7 act to pattern PVD dendrites. A fosmid-based transcriptional GFP reporter for MNR-1 showed clear GFP expression in the ventral, dorsal, and lateral hypodermal ridges starting at the L3 larval stage (Figures 4A, 4B, S6A, and S6B). In accordance with this pattern, transgenic expression of a mnr-1 cDNA in the hypodermis, but not in muscle or PVD, restored PVD arbor formation in mnr-1(dz175) mutants, including aspects of secondary, tertiary, and quaternary dendrite formation . This suggested that MNR-1 functions from the skin to pattern PVD dendritic arbors.
To determine where within the hypodermis the MNR-1 protein is localized, we expressed a rescuing mCherry::MNR-1 fusion protein under control of a hypodermal promoter in mnr-1(dz175) null mutants ( Figures 4C-4E and 5). We found that rescued tertiary dendrites grew precisely at the boundary of the lateral hypodermal ridge (Figures 4C-4E ). The mCherrytagged MNR-1 was distributed evenly within the hypodermal ridges in a punctate pattern that appeared to be independent of SAX-7 and DMA-1 ( Figures 4E, S6C , and S6D). Interestingly, the tagged protein also labeled vesicles within the coelomocytes, a set of scavenger cells that are known to take up and degrade secreted proteins from the extracellular space (Figure 4F ; Fares and Greenwald, 2001 ). Thus, the mCherry::MNR-1 fusion was extracellular and either diffusible under the experimental conditions or cleaved from the membrane. To provide further support for these findings, we transiently expressed the functional mCherry::MNR-1 fusion in human embryonic kidney 293 (HEK293) cells and immunohistochemically stained transfected cells with an a-mCherry antibody without prior cell permeabilization as previously described (Fujisawa et al., 2007) . We observed staining of the cell perimeter of nonpermeabilized cells expressing mCherry::MNR-1, but not in nontransfected cells or with an unrelated primary antibody ( Figures 4G and S6E) , suggesting that the mCherry::MNR-1 fusion is localized to the outer surface of transfected cells. Moreover, a C-terminal heterologous transmembrane domain in place of the endogenous transmembrane domain of MNR-1 resulted in transgenic rescue of mnr-1 mutants, whereas removal of the transmembrane domain failed to produce significant rescue ( Figure 5 ). Taken together, our results suggest that a membrane-bound form of MNR-1 acts nonautonomously from the skin to shape PVD sensory dendrites.
To determine where SAX-7 acts, we immunohistochemically stained wild-type worms with an antibody specific for SAX-7 (Hadwiger et al., 2010) . We found that SAX-7 localized to both the ventral and dorsal nerve cords and thin lines in lateral positions to the nerve cords ( Figures 4H and 4I ). This staining may be associated with the nervous system (e.g., the sublateral nerve cords) or the hypodermal ridges, and appeared to be independent of either MNR-1 or DMA-1 ( Figure S6F ). Transgenic rescue experiments showed that expression of the short isoform SAX-7S from a hypodermal promoter rescued PVD dendrite defects in sax-7 mutants ( Figure 5 ). In contrast, expression of SAX-7S from a muscle or panneuronal or PVD-specific promoter failed to rescue the sax-7 mutant phenotype ( Figure 5 ). Moreover, SAX-7S function appeared to be independent of the first or second pair of Ig domains as well as the intracellular domain but seemed to be dependent on the fibronectin domains, specifically the third fibronectin domain ( Figure 5 ). We conclude that SAX-7 acts from the skin to pattern PVD branches and requires at least the third fibronectin domain, but not the intracellular domain, for this function. Statistical comparisons were performed using Student's t test (statistical significance is indicated). n = 4 wild-type control animals (264 dendrites); n = 4 mnr-1(dz175) mutant animals (508 dendrites). For sample movies, see Movies S1 and S2.
MNR-1 Acts as a Short-Range or Contact-Dependent Guidance Cue
Muscle-specific expression of MNR-1 in mnr-1(dz175) mutants did not restore the stereotypical PVD menorahs but instead resulted in a distinct phenotype. In these animals, secondary branches grew aberrant tertiary branches together with highly disorganized quaternary neurites, often in a zigzag pattern but sometimes in parallel to the primary branch, rather than forming the wild-type pattern of orthogonal tertiary and quaternary branches ( Figures 6A and 6B) . The resulting tangled structures did not resemble menorahs but rather were reminiscent of baobab trees. To further characterize this phenotype, we conducted time-lapse imaging experiments. Surprisingly, expression of MNR-1 in muscle rescued aspects of the mnr-1 mutant phenotype in that it restored the formation of stable tertiary branches and suppressed both excessive branching of secondary and ectopic tertiary branches ( Figures 6A, 6B , 6I, and 6J; Movie S5). These sax-7(dz156) , and dma-1(tm5159) single-and double-mutant animals. Data are represented as mean ± SEM. Statistical comparisons were performed using one-sided ANOVA with the Tukey correction and statistical significance is indicated (*p < 0.05, ****p < 0.0005; ns: not significant [p > 0.05]). n = 18 wild-type controls (870 dendritic branches); n = 22 mnr-1(dz175) mutant animals (999 dendritic branches); n = 25 sax-7(dz156) mutant animals (898 dendritic branches), n = 26 dma-1(tm5159) mutant animals (431 dendritic branches), n = 33 sax-7(dz156); mnr-1(dz175) mutant animals (1,323 dendritic branches), n = 26 dma-1(tm5159); mnr-1(dz175) mutant animals (325 dendritic branches), n = 19 dma-1(tm5159); sax-7(dz156) mutant animals (312 dendritic branches). Data for wild-type control and mnr-1 animals in (F)-(K) are identical to those in Figure 2 and are shown for comparison only. (J and K) Quantification of growth and retraction speed in secondary (J) and ectopic tertiary (K) branches from time-lapse movies for the genotypes indicated. Data are represented as mean ± SEM and statistical significance is indicated. n = 4 dma-1(tm5159) mutant animals (248 dendrites); n = 4 sax-7(dz156) mutant animals (319 dendrites). Data for wild-type controls are identical to those in Figures 2J and 2K and are shown for comparison only. For sample movies, see Movies S1, S2, S3, and S4. See also Figure S5 . (Figures S6A and S6B) . dhr, dorsal hypodermal ridge; lhr, lateral hypodermal ridge; sc, seam cells; vhr, ventral hypodermal ridge; an asterisk indicates the vulva. (C-E) Images of an mnr-1(dz175) mutant animal transgenically rescued by the hypodermically driven mCherry::MNR-1 fusion. The fusion is localized throughout the hypodermis in a punctate pattern (D and E). Similar punctate patterns are seen when mCherry::MNR-1 is expressed in muscle or when a SAX-7::mCherry fusion or mCherry alone is expressed in the hypodermis (data not shown). An arrow points to coelomocytes and an arrowhead points to the PVD axon. Anterior is to the right and ventral is down. Scale bar indicates 50 mm. findings suggest that MNR-1 can act as a contact-dependent (or short-range) branching cue.
mnr-1 Acts Instructively through sax-7 and dma-1 to Pattern PVD Dendrites To determine whether mnr-1 acts permissively or instructively, we ectopically expressed MNR-1 in muscle in an otherwise wild-type background. Ectopic expression of MNR-1 resulted in a gain-of-function phenotype with a mix of menorah-and baobab-like dendritic arbors ( Figures 6C and 6D) , showing that PVD dendrite branches responded to endogenous hypodermis-derived and ectopic muscle-derived MNR-1 in distinct ways. Both normal and aberrant dendritic arbors were dependent on sax-7 and dma-1 ( Figures 6C-6H and 6K ), demonstrating that MNR-1 plays an instructive branch-promoting role in coordinating the growth of tertiary and quaternary PVD branches and requires SAX-7 and DMA-1 for this process.
Our experiments suggest that MNR-1 and SAX-7 are necessary in the hypodermis to control development of PVD menorahs. To determine whether coexpression of SAX-7 and MNR-1 in other cells is sufficient to induce branched PVD dendrites, we exploited the mnr-1 gain-of-function phenotype. Using hypodermal-and muscle-specific promoters, we transgenically expressed SAX-7 in the mnr-1(gof); sax-7(null) strain, in which MNR-1 is ectopically expressed in the muscle in addition to its endogenous hypodermal expression. We found that expression of SAX-7 in the hypodermis resulted in a mix of menorah and baobab structures, i.e., it restored the mnr-1(gof) phenotype or, in other words, rescued the sax-7 mutant phenotype. In contrast, expression of SAX-7 in muscle failed to restore either baobab-or menorah-like branching patterns. These results show that SAX-7 and MNR-1 are not sufficient in muscle to attract and shape tertiary and quaternary dendrites, but that MNR-1 from the muscle can act in trans with SAX-7 in the hypodermis. In contrast to the situation in muscle, combined expression of MNR-1 and SAX-7 in seam cells (another hypodermal tissue) in sax-7; mnr-1 double null mutants was sufficient to attract and induce branches on this hypodermal tissue ( Figures 6M-6P ). Yet, when individually expressed in seam cells, MNR-1 could attract branches to the seam cells only when endogenous SAX-7 was present ( Figure S7 ). We conclude that MNR-1's function in the seam cells is also SAX-7 dependent and that additional cellspecific factors that act in concert with SAX-7 and MNR-1 must exist in the hypodermis for normal patterning of sensory dendrites.
MNR-1 Physically Interacts with SAX-7
To determine how MNR-1, SAX-7, and DMA-1 interact, we transfected one set of HEK293 cells with tagged versions of MNR-1 and SAX-7 alone or in combination, and another set with a tagged version of DMA-1. Differently transfected cells were cocultured in a 1:1 ratio (MNR-1/SAX-7:DMA-1) for another day, lysed, and subjected to coimmunoprecipitation experiments. We found that MNR-1 could be precipitated with an antibody against SAX-7 and vice versa, suggesting that SAX-7 and MNR-1 are part of a complex ( Figure 7A ). This interaction appeared stronger in the presence of DMA-1, raising the possibility of a tripartite complex. Moreover, MNR-1 appeared to precipitate only full-length SAX-7S, and not the shorter, proteolytically generated forms that comprise the transmembrane and intracellular parts of SAX-7 ( Figure S7F ; Pocock et al., 2008) . Collectively, these findings suggest that MNR-1 forms a complex with SAX-7 and (possibly) DMA-1, and that the extracellular domains of SAX-7 are important for the formation of this complex ( Figure 7B ).
DISCUSSION
We have shown here that MNR-1/menorin plays a role in patterning the dendrites, but not the axons, of PVD somatosensory neurons in C. elegans. MNR-1/menorin is an extracellular protein that forms a complex with the Ig fibronectin III domain containing SAX-7/L1CAM, and acts as a contact-dependent, short-range cue nonautonomously from the skin through the Rescue was defined as restoration of secondary, tertiary, and quaternary branches, i.e., the establishment of menorah-like structures. Generally, rescue of sax-7 mutants resulted in more wild-type-like menorahs when compared with rescue of mnr-1 mutants with the mnr-1 cDNA. Partial rescue was defined as lines in which <50% of the animals showed restoration of PVD-like branching patterns. Transgenic animals were always compared with nontransgenic siblings and the number of transgenic animals scored was n = 30-100 per transgenic line. LRR-containing transmembrane receptor DMA-1 on PVD neurons.
MNR-1/menorin and SAX-7/L1CAM Pattern PVD from the Skin through DMA-1 L1CAM has previously been shown to be required for dendrite development (Demyanenko et al., 1999; Yamamoto et al., 2006) . It is known to function through both homophilic and heterophilic interactions with other proteins in a variety of signaling pathways, such as semaphorin, integrin, and fibroblast growth factor receptor signaling pathways (Schmid and Maness, 2008) . We find that both SAX-7 and MNR-1 act in the hypodermis to pattern PVD dendrites. SAX-7 is localized to a sublateral line that could be adjacent to where tertiary branches form, whereas MNR-1 does not display comparable subcellular localization (Dong et al., 2013 [this issue of Cell] ). Thus, SAX-7 could function as a scaffolding protein that provides spatial specificity, with binding specificity being provided by a cofactor. MNR-1 could be such a cofactor and provide specificity by allowing formation of a tripartite complex with the DMA-1 receptor on PVD. Several observations argue in favor of this model. First, SAX-7 binds MNR-1 in vitro and this interaction may be stronger in the presence of DMA-1. Second, mnr-1 and sax-7 act genetically in the same pathway. Third, the dma-1 mutation is epistatic to mnr-1 and sax-7. Lastly, wherever it was tested by gain-of-function experiments in vivo, mnr-1 required both sax-7 and dma-1 to exert its function (Figures 6 and S7 ). An important goal for the future will be to determine how SAX-7 is spatially localized to a distinct line and whether such localization is mediated by factors in the hypodermis or elsewhere. We found that MNR-1 and SAX-7 act instructively on PVD branches when coexpressed in cis in hypodermal tissues, but not in muscle (Figure 6 ). The inability of MNR-1 and SAX-7 to function in cis in muscle may indicate either additional permissive factors in the hypodermis or nonpermissive factors in muscle. Intriguingly, the muscle gain-of-function analysis showed that, in certain experimentally induced cellular contexts, MNR-1 could also function in trans to SAX-7, albeit possibly to a lesser degree. For example, some aspects of dendrite arborization could be restored when MNR-1 was expressed in muscle and SAX-7 was expressed in the hypodermis, such as suppression of supernumerary secondary and ectopic tertiary branches in baobab-like dendrites ( Figures 6A, 6B , 6I, and 6J). However, only coexpression in the hypodermis resulted in the formation of correct tertiary and quaternary branches, i.e., menorah-like structures. We propose that additional factors in the hypodermis are required for correct PVD patterning.
Stepwise Control of PVD Menorah Formation
The development of a PVD menorah is a highly stereotyped process that occurs in discrete steps (Smith et al., 2010) . Our experiments showed reduced tertiary and quaternary branching and increased secondary and ectopic tertiary in mnr-1 and sax-7 mutants (Figure 2 ). One possible explanation for these seemingly contrary findings is that different cofactors at successive developmental stages account for distinct functions of mnr-1 and sax-7 during the steps of arbor development. Alternatively, the primary function of MNR-1 and SAX-7 could be to establish a stable tertiary branch. This could allow the formation of higher-order branches and in turn signal to suppress further branching in lower-order dendrites. The latter scenario is consistent with the following observations. First, the intracellular domain of SAX-7 is dispensable for SAX-7 function in PVD development (Figure 5 ), raising the possibility that signaling downstream of DMA-1 in PVD may be required. Second, expression of MNR-1 in muscle of mnr-1 mutant animals suppresses supernumerary secondary and tertiary branching. In other words, the formation of stable tertiary dendrites (even as part of disorganized baobab-like dendritic trees) is sufficient to suppress extra secondary branching. Third, it is known that, in wild-type animals, the dynamic initiation of secondary branches is suppressed in the vicinity of secondary branches that have formed stable tertiary branches (Smith et al., 2010) . A feedback mechanism in PVD neurons that begins with the formation of stable tertiary branches could provide an explanation for our observations.
The DUF2181 Menorin Domain
The conserved DUF2181 is an ancient protein domain of about 250 amino acids that is already present in several protists, including the choanoflagellate Salpingoeca (Figure 1 ; Ruiz-Trillo et al., 2007) . Choanoflagellates are colony-forming unicellular eukaryotes that serve as models for the evolution of multicellularity. Several classes of genes that are important for intercellular communication and are considered hallmarks of metazoa (e.g., genes encoding CAMs such as cadherins) first appear in this group of organisms (Abedin and King, 2008) . It is thus plausible that the DUF2181 also first arose in these organisms, perhaps as an important component of cell-cell communication. Elaborate branching patterns such as those observed in the PVD dendrites arguably require sophisticated cellular interactions. In this context, it is interesting to note that the peripheral endings of low-threshold mechanosensory receptors with their orthogonal lanceolate endings in the hairy skin of mice (Li et al., 2011 ) display a striking similarity to the menorah-like dendritic arbors of PVD. Given the intriguing role that MNR-1 and SAX-7/L1CAM play in establishing the stereotypical branching patterns of PVD somatosensory neurons, future studies will have to establish whether similar functions of Fam151 proteins are conserved in other organisms.
EXPERIMENTAL PROCEDURES
Strains and Genetics N2 Bristol was used as the wild-type strain and worms were grown under standard conditions at 20 C. The mutant alleles used in this work were sax-7(nj48), sax-7(nj53), sax-7(dz156), lad-2(tm3056) , and dma-1(tm5159). Transgenesis was performed using standard procedures. For details and a complete list of strains, see the Extended Experimental Procedures.
Identification of mnr-1 and Molecular Cloning
In a mutant screen for PVD defects (using either ynIs30 or otIs138 as PVD reporters), we isolated three alleles of mnr-1 (dz175, dz179, and dz180). An additional allele (dz188) was identified by complementation tests. Using a one-step SNP mapping and whole-genome sequencing method (Doitsidou et al., 2010) , we identified the causative molecular lesion in two mutant alleles with identical phenotypes, dz175 and dz179. Both dz175 and dz179 carried different early stop codons in the same gene, mnr-1 (W01F3.1), within the mapped region. Two additional alleles, dz180 and dz188, failed to complement dz175 for the PVD phenotype and contained missense mutations in mnr-1. All plasmid constructs and molecular biology were performed according to standard procedures. For details, see Figure S1 and the Extended Experimental Procedures.
RNAi
For constitutive RNAi, L4 hermaphrodites were grown for 1 to 2 days and allowed to lay a brood, which was analyzed after 2 to 3 days as young adults. For late larval RNAi, L3 hermaphrodites were placed on RNAi-seeded plates and analyzed 2 to 3 days later as adults. To exclude maintenance defects, 1-day-old adults were placed on RNAi-seeded plates and scored 2 days later for PVD defects. For details, see the Extended Experimental Procedures.
Imaging and Quantification of Branching
For quantification of branching, synchronized starved L1s were transferred to seeded plates and allowed to grow for 30 hr. At 30 hr (corresponding to mid-to late L3) larvae were immobilized in 1-5 mM levamisole (Sigma). Z stacks and maximum-intensity projections were produced using a Zeiss Axioimager Z1 Apotome. All branches within 100 mm of the primary branch anterior to the cell body were traced, measured, and classified into primary, secondary, tertiary, quaternary, and ectopic tertiary branches using the NeuronJ plugin of the ImageJ 1.46r software. Statistical comparisons were conducted using one-sided ANOVA with the Tukey correction (Prism [GraphPad Software]). Time-lapse imaging of animals at the L3 stage (by gonadal development) was conducted using an inverted Nikon TE2000-S microscope equipped with a Perkin-Elmer UltraVIEW spinning disk unit. Volocity software (version 6.2.1) was used to collect the raw files, and processing and video editing were carried out using the ImageJ 1.46r software. Statistical comparisons were made using Student's t test (Prism [GraphPad Software]). For details, see the Extended Experimental Procedures.
Immunohistochemistry
Worms were freeze-fractured and fixed by methanol/acetone (Duerr, 2006) . Immunodetection was accomplished with the use of a primary monoclonal a-SAX-7 antibody (1:500, Developmental Studies Hybridoma Bank[DSHB]; Hadwiger et al., 2010) followed by a secondary antibody (1:500, Alexa Fluor 555 donkey a-mouse IgG (H + L), A-31570; Life Technologies).
Cell Culture Experiments with MNR-1, SAX-7, and DMA-1 For cellular localization studies of MNR-1, HEK293T cells were transfected with pcDNA3.1::mCherry::mnr-1 using Lipofectamine 2000 (Life Technologies). After 24 hr, the cells were fixed, either permeabilized or not (Fujisawa et al., 2007) , stained with an a-mCherry primary antibody (1:500, ab125096; Abcam) and developed with a secondary Alexa Fluor 488 goat a-mouse IgG (1:500, A-11001; Life Technologies).
For coimmunoprecipitation experiments, HEK293T cells were transfected separately with pcDNA3.1::3XHA::dma-1 or the ligand vectors pcDNA3.1:: mCherry::mnr-1 and pcDNA3.1::sax-7S::V5 (a gift from Dr. O. Hobert) alone or in combination. Twenty-four hours posttransfection, the cells were trypsinized, mixed in a 1:1 ratio, and cocultured for another day. Protein lysates were subjected to immunoprecipitation with the following antibodies: rat monoclonal a-HA (Roche), mouse monoclonal a-V5 (Life Technologies), and mouse monoclonal a-mCherry (Abcam). Western blots were probed using the same antibodies, except for mCherry::MNR-1, which was identified using a rabbit polyclonal a-mCherry.
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